A global vertically resolved aerosol data set covering more than 10 years of observations at more than 20 measurement sites distributed from 63 • N to 52 • S and 72 • W to 124 • E has been achieved within the Raman and polarization lidar network Polly NET . This network consists of portable, remote-controlled multiwavelength-polarization-Raman lidars (Polly) for automated and continuous 24/7 observations of clouds and aerosols. Polly NET is an independent, voluntary, and scientific network. All Polly lidars feature a standardized instrument design with different capabilities ranging from single wavelength to multiwavelength systems, and now apply unified calibration, quality control, and data analysis. The observations are processed in near-real time without manual intervention, and are presented online at polly.tropos.de. The paper gives an overview of the observations on four continents and two research vessels obtained with eight Polly systems. The specific aerosol types at these locations (mineral dust, smoke, dust-smoke and other dusty mixtures, urban haze, and volcanic ash) are identified by their Ångström exponent, lidar ratio, and depolarization ratio. The vertical aerosol distribution at the Polly NET locations is discussed on the basis of more than 55 000 automatically retrieved 30 min particle backscatter coefficient profiles at 532 nm as this operating wavelength is available for all Polly lidar systems. A seasonal analysis of measurements at selected sites revealed typical and extraordinary aerosol conditions as well as seasonal differences. These studies show the potential of Polly NET to support the establishment of a global aerosol climatology that covers the entire troposphere.
Introduction
Aerosol particles have been depicted as one important and underdetermined component that affects the Earth's energy budget. Their complex nature regarding size, shape, and chemical composition, their highly variable temporal and spatial distribution in the atmosphere, and their complex interactions with clouds require strong effort in their observation and characterization (IPCC, 2014; Stevens and Feingold, 2009 ). In addition, the volcanic eruption hazards of Eyjafjallajökull and Grimsvötn for aircraft safety in Europe have shown the need for near-real-time information of heightresolved aerosol concentration on continental scales.
Lidars are a key instrument for the characterization of aerosols and their impact on the Earth's environment as they are able to provide vertically resolved information of aerosols. With multiwavelength-Raman-polarization lidars, aerosol layers can be characterized in terms of types, size distribution, and concentration Müller et al., 2007; Ansmann et al., 2012) .
As a global coverage of height-resolved aerosol monitoring is strongly needed, either space-borne lidars, e.g., CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) aboard the polar-orbiting CALIPSO satellite (CloudAerosol Lidar and Infrared Pathfinder Satellite Observation, Winker et al., 2009) or ground-based networks of ceilometers, micro-pulse lidars, or scientific Raman lidars are applied (Bösenberg et al., 2007; Hoff and Pappalardo, 2010) . The shortcomings of the space-borne lidar CALIOP are the need for a priori information of aerosol type to retrieve particle backscatter coefficient profiles and the low temporal resolution, because it overpasses the same area only every 16th day. Ceilometer (e.g., Flentje et al., 2010) and micro-pulse lidar (Welton et al., 2001) networks are operated 24/7 1 at many locations world wide and deliver valuable data on the vertical aerosol distribution but are not able to distinguish aerosols in terms of their size distribution, shape, or extinction efficiency, and thus their type (Spinhirne et al., 1995; Heese et al., 2010; Stachlewska et al., 2012) .
Comprehensive efforts have been made to establish ground-based research lidar networks. Within EARLINET, the European Aerosol Research Lidar Network 2 (Pappalardo et al., 2014) , aerosol profiling and characterization is performed within Europe by different Raman and polarization lidars three times per week. Most of the lidar systems within EARLINET are prototypes leading to a huge variety of partly manually controlled system setups. EARLINET members have developed lidar techniques and algorithms in order to harmonize the lidar measurements, to setup quality standards, to perform systematic test routines, and to improve the lidar data evaluation (e.g., Böckmann et al., 2004; Pappalardo et al., 2004; Freudenthaler, 2008; Pappalardo et al., 2014; BravoAranda et al., 2016; Belegante et al., 2016) . Many of these efforts led also to a significant benefit for Polly NET . Recently, EARLINET also demonstrated the potential of continuous operation like done within Polly NET .
The American Lidar Network ALINE (Antuña et al., 2012; Barbosa et al., 2014) and the Commonwealth of Independent States Lidar Network CISLiNet (Chaikovsky et al., 2006) consist of mixed prototype lidar systems, too. Within the Asian Dust Network (AD-NET, Sugimoto et al., 2008) , standardized lidar instruments, mostly with 2-wavelength backscatter (at 532 and 1064 nm) and 1-wavelength depo-larization (at 532 nm) capabilities, are applied and the attenuated backscatter coefficients and the volume depolarization ratio are automatically retrieved. At the six primary stations of AD-NET also Raman capabilities are available (Sugimoto et al., 2014) . This network covers aerosol observations in the Asian dust belt.
Motivated by the urgent need for robust multiwavelengthRaman-polarization lidars that are easy to operate and allow aerosol typing, a portable lidar system, called Polly, has been developed at the Leibniz Institute for Tropospheric Research (TROPOS) with international partners during the last decade Engelmann et al., 2016) . The aim was to develop a sophisticated multiwavelength-Ramanpolarization lidar for scientific purpose, but with the advantages of an easy-to-use and well-characterized instrument with same design, same automated operation, and same centralized data processing in line with the CIMEL Sun photometer of AERONET (Holben et al., 2001 ). The Polly systems have been developed for continuous, stand-alone operation in remote environments and were successfully deployed in the high northern latitudes of Finland (> 30 cm snow and < −20 • C, Hirsikko et al., 2014) , in the rain forest of the Amazonian Basin with temperatures of > 30 • C and high relative humidity , and under permanent mechanical stress from motor vibrations plus rough sea aboard the research vessel Polarstern (Kanitz et al., 2013a) .
As the number of Polly systems and measurement sites has increased with time, an independent, voluntary, international network of cooperating institutes, the so-called Polly NET (Althausen et al., 2013) , has evolved as an additional contribution to the world wide aerosol observational efforts. Namely the Finnish Meteorological Institute (FMI), the National Institute of Environmental Research (NIER) in Korea, the Évora University in Portugal (UE-ICT), the University of Warsaw (UW) in Poland, the German Meteorological Service (DWD), and the National Observatory of Athens (NOA) in Greece contribute actively to the network by operating Polly systems. Each group contributes with its expertise and knowledge to the network and to joint scientific projects.
Polly lidar measurements have been performed at more than 20 locations in Europe, the Amazon rain forest, southern Chile, South Africa, India, China, Korea, and over the Atlantic Ocean and very different aerosol types and aerosol mixtures could be observed. Figure 1 shows the locations of the six stationary 3 plus one mobile long-term (green color), and the 14 temporary (red color) measurement sites within Polly NET . In addition, typical aerosol types and their transport paths are indicated.
Data from the permanent locations as well as from the measurement campaigns are centrally collected via internet, processed, and displayed in near-real time. This near-real- 3 The four European stationary measurement sites belong to EARLINET. time processing ensures a fast system control (instrument monitoring) and a first quality assurance by all partners. First automated data analysis routines for Polly were developed to determine the top height of the planetary boundary layer (PBL, Baars et al., 2008) . However, the automated analysis of highly sophisticated multiwavelength-Ramanpolarization lidar measurements with respect to vertical profiles of aerosol optical properties was missing. Based on achievements within the development of the Single Calculus Chain of EARLINET , but extended for an autonomous near-real-time analysis of continuous measurements around the globe, an automatic data processing chain for the retrieval of aerosol optical properties has been developed thanks to the advantage of the unified Polly family design. With this processing chain, data from the Polly NET lidars are screened for appropriate weather conditions and profiles of the particle backscatter coefficient (355, 532, and 1064 nm), the particle extinction coefficient (355 and 532 nm), and the particle depolarization ratio (532 nm) are obtained and presented online.
In doing so, an aerosol climatology of the vertical aerosol distribution and of aerosol-type-dependent parameters like the lidar ratio (extinction-to-backscatter ratio), the Ångström exponent, and the particle linear depolarization ratio has evolved and is presented in this paper. This database might be a valuable tool for space-borne lidar missions like CALIPSO or the upcoming ADM-Aeolus (Atmospheric Dynamics Mission, Stoffelen et al., 2005) and EarthCARE (Earth Clouds, Aerosols and Radiation Explorer, Illingworth et al., 2015) missions. The findings may also serve for the verification of aerosol transport models (e.g., Binietoglou et al., 2015; Haustein et al., 2009) or support studies on the radiative impact of aerosol layers on the Earth's energy budget (e.g., Kanitz et al., 2013b) . Thus, Polly NET can give a valuable contribution to the understanding of the complex nature of atmospheric particles which is a prerequisite to understand their complex interactions with clouds.
The scope of this paper is (a) to introduce this network and its strategy, (b) review the scientific results obtained in the last decade, and (c) demonstrate the potential for future research. Here, a global statistical overview is provided, while intensified studies for each station are presented in specific publications.
The paper is structured as follows: Sect. 2 gives a brief introduction into the Polly systems. In Sect. 3, the different measurement locations are introduced, and the main findings of more than 10 years of Polly observations are summarized providing an overview of aerosol-type-dependent properties observed within Polly NET . Section 4 presents the data analysis algorithm, which is explained in more detail in the Appendix A. The applicability and potential of the automated algorithm for the Polly systems is discussed for one example case of a Saharan dust event observed at Leipzig in 2012 (Sect. 5). In Sect. 6, the currently most comprehensive harmonized aerosol information from ground-based lidars worldwide is presented based on the automatically analyzed global data set of Polly NET . At the end of the paper, a conclusion and future plans are given.
The portable lidar Polly
The first Polly system ) is a onewavelength Raman lidar at 532 nm with an emitted laser energy of 120 mJ and a primary mirror of 20 cm in diameter. Data are acquired with 37.5 m vertical resolution and averaged over 450 shots (15 Hz laser frequency). Figure 2 shows the first profiles of the backscatter and extinction coefficients measured by Polly on 10 December 2002 in Leipzig, Germany. The backscatter coefficient is 10 Mm −1 sr −1 in the boundary layer that extended up to about 350 m height. Optically thin, lofted layers were present between 700 and 1100 m height. While the first measurement lasted only about 24 min, this system was continuously improved for automatic operation and now runs unattended in 24/7 mode. The latest developed Polly XT (with extended capabilities) is a so-called 3 + 2 + 2 + 1 + 1 + 1 4 Raman, polarization, and water-vapor lidar with near-range capabilities. This system emits light at 1064, 532, and 355 nm at an energy of 180, 110, 60 mJ. The receiver unit consists of a primary mirror of 30 cm in diameter. With this setup the backscatter coefficient at 1064, 532, and 355 nm, and the extinction coefficient at 532 and 355 nm can be determined. Thus, aerosols can be characterized by their lidar ratio and Ångström exponent , but also in terms of microphysical properties and the single scattering albedo (e.g., Ansmann and Müller, 2005) . In addition, two polarization-sensitive channels allow the determination of the particle linear depolarization ratio 4 3 elastic, 2 Raman, 2 depolarization, 1 water-vapor, 1 nearrange elastic, and 1 near-range Raman signals. ) at 355 and 532 nm providing information on the shape of the scatterer. With this information, e.g., mixed-dust layers can be analyzed for the fractions of pure dust and other aerosol types (Tesche et al., 2011; Baars et al., 2012; Kanitz et al., 2013a) . Vertical profiles of aerosol properties up to 20 km height can be derived with this receiver unit. Additionally, profiles of the water-vapor mixing ratio can be determined via the measurement of the inelastic water-vapor backscatter at 407 nm wavelength (Reichardt et al., 2012; Foth et al., 2015) . Below about 600-800 m a.g.l. (above ground level), the overlap of the laser beam and the receiver field of view is incomplete and needs to be corrected (e.g., with the methodology described by Wandinger and Ansmann, 2002) . As a consequence, a second detection unit together with a near-range telescope was added to the system to detect the elastic and inelastic backscatter at 532 and 607 nm in the lowermost height range above the system. As a result, the determined overlap function of the farrange channels can be verified and backscatter and extinction profiles can be obtained down to about 100 m a.g.l. The data of all channels are acquired with a vertical resolution of 7.5 m in temporal steps of 30 s (laser frequency 20 Hz). Further system details are given by Althausen et al. (2009) and Engelmann et al. (2016) . The specific system setup at each location is given in Table 1 . (Kanitz et al., 2013a (Kanitz et al., , 2014b . Details on the position and the measurement periods of each station as well as the number of measurement days by the end of 2015 are given in Table 1 . The global distribution of the measurement stations allows the characterization of the main aerosol types, i.e., the aerosol types used for the measurements of the space-borne lidar CALIOP (clean continental, polluted continental, marine, mineral dust, and smoke aerosol, Winker et al., 2009 ). Thus, Polly NET is a valuable tool for satellite validation.
A review of published results of measurements within Polly NET is given in the following. Focus is set on observations in Asia (Sect. 3.1), in the Southern Hemisphere (Sect. 3.2), on the Atlantic Ocean (Sect. 3.3), and within the European Aerosol Research Lidar Network EARLINET (Sect. 3.4).
Asia
In October 2004, first Raman lidar measurements with the 1st Polly were performed in Xinken (22.6 • N, 113.6 • E, 5 m a.s.l.), Pearl River Delta (PRD), China. Haze layers were observed up to 3 km a.g.l. during the diurnal cycle. The particle optical depth (AOD, 532 nm) ranged from 0.3 to 1.7 (average 0.92). The mean lidar ratio of the haze layer was 35 to 59 sr (average 47 sr) Müller et al., 2006) . The observations were continued in Beijing, China in January 2005. In contrast to PRD, almost clean air was observed throughout the Beijing campaign and the observed air masses generally originated from the greater Gobi area (arid desert and steppe). Very low lidar ratios of approximately 25 sr were found in a case of background aerosol conditions with an AOD of 0.05 (Tesche et al., , 2008 . For dust-and pollution-loaded air, the extinction coefficients varied between 100 and 300 Mm −1 and lidar ratios of 30 to 45 sr were observed within the PBL.
In 2009/2010, the 1st Polly returned to the area of Beijing. In the framework of the European Aerosol Cloud Climate and Air Quality Interactions (EUCAARI, Kulmala et al., 2011) , Polly was operated at the Global Atmospheric Watch station of Shangdianzi (SDZ, 40.6 • N, 117 • E, 225 m a.s.l.)
∼ 100 km northeast of Beijing (Hänel et al., 2012) for 1 year to cover a full annual cycle. A statistical analysis of all nighttime observations showed a distinct haze layer up to 1.5 and a second layer up to 2.5-5 km a.g.l. The extinction coefficient was 200-600 Mm −1 in the haze layer and 50-100 Mm −1 in the elevated layer. The column AOD ranged from about 0.3 during northerly air flows to about 0.95 during southerly air flows. The haze layer was characterized with a lidar ratio of about 60 sr indicating anthropogenic fine-mode aerosol. The analysis of the elevated layer showed a broad distribution of the lidar ratio from 40-90 sr caused most probably by a complex mixture of aged desert dust, biomassburning smoke, and industrial pollution over eastern Asia (Hänel et al., 2012) .
The investigation of the vertical aerosol distribution in China was continued in Guangzhou, PRD (23 • N, 114 • E) from October 2011 for more than half a year in the framework of the project "Megacities-Megachallenge" funded by the German Research Foundation (DFG). This campaign marked the first deployment of a Polly XT in China. The urban background aerosol of 0.45 AOD showed a low particle depolarization ratio of less than 5 %. Lofted layers were observed from 2 to 3.5 km altitude, consisting of a significant fraction of non-spherical dust particles indicated by an increased particle depolarization ratio of 20 % .
In the framework of EUCAARI, the Finnish Meteorological Institute (FMI) performed measurements with a Polly XT at Gual Pahari (28 • N, 77 • E, 243 m a.s.l.), close to New Delhi, India for more than 1 year in 2008 (Komppula et al., 2012 . Aerosol layers frequently extended up to 5 km altitude. The aerosol characterization showed an annual cycle of continental aerosol during summer (low lidar ratio) and a higher influence of strongly absorbing aerosol in autumn and winter (high lidar ratio). Nevertheless, the mean extinction coefficient between 1 and 3 km a.g.l. was highest during summer (142 Mm −1 at 532 nm).
The most eastern Polly NET measurement site is at Baengnyeong Island, Korea (38 • N, 125 • E). The long-term observations started in autumn 2010 and are still ongoing. The PBL usually extends up to 1.2-1.4 km a.g.l. Frequently, lofted layers at altitudes from 2.4-2.8 and 5.2-5.8 km were observed. A high amount of continental aerosol, especially Asian dust, was found with values of the particle depolarization ratio larger than 25 %. The measurements are ongoing and are input for a detailed analysis of Asian dust and pollution, its optical properties, and vertical distribution.
Southern Hemisphere
A highlight in Polly NET are the first multiwavelength Raman and polarization lidar observations of optical and microphysical particle properties in the Amazon Basin (close to Manaus, Brazil, 3 • S, 60 • W) from January to November 2008 performed in the framework of EUCAARI. The analysis of all measurements showed strong differences between the pristine wet and the polluted dry season. During the wet season, African smoke and dust advection frequently interrupted the pristine phases Baars et al., 2011) . Under pure pristine conditions, the extinction coefficients and AOD (532 nm) were as low as 10-30 Mm −1 and < 0.05, respectively. In contrast, biomass-burning smoke plumes up to 3-5 km altitude showed extinction coefficients of the order of 100 Mm −1 and an AOD of 0.26 during the dry season. Ångström exponents were 1.0-1.5, and the observed lidar ratios at 355 and 532 nm were 50-80 sr . Seifert et al. (2015) studied the relationship between aerosol properties, temperature, and the efficiency of heterogeneous ice formation in thin stratiform clouds using the data set obtained in Brazil. It was found that the fraction of ice-containing clouds was enhanced by a factor of 1.5 to 2 in the dry compared to the wet season.
Another EUCAARI experiment was performed at Elandsfontein (25 • S, 27 • E, 2.7 km a.s.l.), South Africa from 2009 to 2011 Giannakaki et al., 2015) . The PBL extended up to 1.4-2.2 km a.g.l. Lofted layers (mean altitude 2.1-2.5 km) were observed throughout the measurement period and showed a high variability in their optical properties and their contribution to the total AOD, due to different source areas and travel paths. Mean lidar ratios at 355 nm were 57 ± 20 sr (December to February), 59 ± 22 sr (March to May), 65 ± 23 sr (June to August), and 89 ± 21 sr (September to November). During southern hemispheric spring a considerable fraction of light-absorbing biomass-burning aerosol was identified in the lofted layers by high lidar ratios.
Shorter measurement campaigns of a few months were performed at Punta Arenas, Chile and Stellenbosch, South Africa (Kanitz et al., 2013a) . At the University of the Magellanes, the southernmost multiwavelength Raman and polarization lidar measurements were performed with a Polly XT in 2009/2010 for about 4 months (Kanitz et al., 2014a) . Within this period, optically thin lofted layers were observed only eight times during the 24/7 measurements. These layers could be tracked backwards to Australian bush fires and to the Patagonian desert. However, the atmospheric conditions were dominated by the marine and clean continental background as indicated by AODs lower than 0.05 in about 95 % of all cases (Kanitz et al., 2013a) . The PBL extended usually up to 1.2 km a.g.l.
Based on these measurements and the Polarstern cruise data, Kanitz et al. (2011) contrasted the temperature dependence of heterogeneous ice formation efficiency between the Southern Hemisphere and the Northern Hemisphere. At comparable temperatures, a much higher fraction of icecontaining clouds was found in the Northern Hemisphere, suggesting that the increased aerosol load in the northernhemispheric free troposphere is responsible for this contrast.
Shipborne measurements
Polly lidar observations have been performed aboard the German research vessel Polarstern since 2009. The aerosol data set of the first 2 years was used to characterize the vertical aerosol distribution over the Atlantic Ocean in both hemispheres. The maximum mean AOD (532 nm) of 0.27 was found in the Saharan outflow region (0-15 • N). The mean AOD of the marine background aerosol over the ocean was about 0.05. The AOD was found to be 1.6 times higher at northern midlatitudes (30-60 • ) compared to their southern counterpart. The extinction coefficient for the vertical column from 1-5 km (lofted aerosol above the marine boundary layer) was 2.5 times higher in the Northern Hemisphere.
Lofted layers of Patagonian dust were observed up to 4 km altitude near the east coast of Argentina. A layer with very low AOD of 0.02-0.03 showed a dust-related lidar ratio of 42 ± 17 sr at 532 nm. At the west coast of North Africa pure Saharan dust (lidar ratio of 50-60 sr at 355 and 532 nm), and mixed dust/smoke plumes (about 60 sr at 355 nm and 45 sr at 532 nm) were observed (Kanitz et al., 2013a) .
The second research vessel used as a platform for Polly is the German Meteor. A cross section of the Saharan dust layer was recorded during a latitudinal transect from the Caribbean to the west coast of Africa (Cape Verde). The optical properties of aged Saharan dust were determined 4500 km away from the source region with a transport time of > 10 days and for fresh dust after 2-3 days close to the Saharan desert. The aged dust showed a lidar ratio of about 45 sr and a particle linear depolarization ratio of about 20 % for both wavelengths of 355 and 532 nm. For the fresh dust layer, mean lidar ratios of 64 and 50 sr and particle linear depolarization ratios of 22 and 26 % at 355 and 532 nm wavelength, respectively, were determined (Kanitz et al., 2014b) .
Long-term measurements at four European sites within EARLINET
EARLINET is a scientific network of ground-based aerosol lidars with coordinated measurement times and harmonized data quality assurance (Pappalardo et al., 2014) . Polly systems fulfill the EARLINET requirements for instrumental quality assurance and are operated at 4 of the 28 EARLINET measurement sites (Leipzig, Kuopio, Évora, and Warsaw). Ib e ri a n P e n in Table 2 . Particle depolarization ratios are based on measurements at 532 nm if available, otherwise at 355 nm (compare Table 2 ).
At TROPOS in Leipzig, Germany, continuous observations with Polly systems have been performed since 2006 and thus the most comprehensive data set within Polly NET is available for this location. Measurements with the first Polly system were used to develop an automated algorithm for PBL-top determination. Maximum PBL-top heights extended up to 1.4, 1.8, 1.2, and 0.8 km in spring, summer, autumn, and winter, respectively (Baars et al., 2008) . Analysis of the intensive aerosol properties showed the following aerosol types ordered by the frequency of occurrence: urban/pollution aerosol, Saharan dust and corresponding mixtures, aged biomass-burning aerosol, and volcanic ash. The lidar ratio and depolarization ratio at 355 nm were found to range from 45-65 sr and 0-7 %, respectively, for urban pollution, from 30-60 sr and 7-13 % for dusty mixtures, and from 42-67 sr and 15-23 % for aged biomass-burning aerosol (Illingworth et al., 2015) . Further data at the wavelengths of 532 and 1064 nm can be found in the EARLINET data base (The EARLINET publishing group [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] 2014) .
Polly observations have also been performed by the University of Évora, Portugal since 2011. Clear differences in the intensive optical properties were found for layers of Asian and Saharan dust, anthropogenic aerosol from North America and Europe, and biomass-burning smoke from North America and from the Iberian Peninsula (Preißler et al., 2013b; Pereira et al., 2014) . Three out of four lofted layers were observed during spring and summer. The mean layer height varied between 3.8 ± 1.9 and 2.3 ± 0.9 km in summer and winter, respectively. In a statistical analysis evidence for the impact of travel distance on the aerosol optical properties was found. Aerosol layers of the same type showed increasing mean Ångström exponents with increasing travel distance (Preißler et al., 2013b) . A lofted layer of Saharan dust was observed with an AOD of up to 1.9 in April 2011 (Preißler et al., 2011) . Saharan-dust-specific extinction-related Ångström exponents were 0.0 ± 0.2 with mean lidar ratios of 45 ± 8 and 53 ± 7 sr (355, 532 nm), and a mean particle linear depolarization ratio of 28 ± 4 % (at 532 nm) was found. Pereira et al. (2014) studied relatively fresh forest fire smoke observed in lofted aerosol layers. Particle depolarization ratios of about 5 % were found together with lidar ratios above 60 sr at altitudes higher than 3 km a.g.l. The single-scattering albedo was retrieved via inversion and ranged from 0.82 to 0.92 for the six analyzed layers of forest-fire smoke.
Continuous observations are also available at Kuopio, Finland since 2011 (Hirsikko et al., 2014) and Warsaw, Poland since 2013. Profiles of backscatter and extinction coefficients from the regular EARLINET measurement can be found in the EARLINET data base (access via actris.eu) and are regularly published (The EARLINET publishing group [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] 2014) .
Summarizing discussion
The above-mentioned measurement efforts led to a very valuable data set of long-term aerosol lidar observations. To our knowledge, regular lidar obervations have been performed for the first time at all the locations listed above except for the EARLINET site of Leipzig (there, in Leipzig, regular lidar observations started already in 1999 with the labbased EARLINET lidar MARTHA). Therefore, the Polly NET data set represents the only long-term information of vertical aerosol profiles on a continuous basis at these sites. Table 2 gives an overview of the retrieved aerosol-typerelated optical properties for the very different aerosol types and conditions observed within Polly NET as described above, while Fig. 3 contrasts the corresponding intensive properties against each other. Such a data set is a valuable input for aerosol typing approaches and can be used for, e.g., data analysis algorithms of the new generation of space-borne lidars (Illingworth et al., 2015; Groß et al., 2015) . A first collection of intensive properties (lidar ratio at 355 and 532 nm, Ångtröm exponents and particle depolarization ratio) was presented for different aerosol types by Müller et al. (2007) obtained mainly by ground-based field campaigns including some of the very first Polly NET measurements in China. Other similar overviews of aerosol-typedependent properties are given for case studies in Europe, the Sahara, and on Cape Verde by Groß et al. (2015) (lidar ratio, particle depolarization ratio; ground-based and airborne), and for air-borne observations over North America by Burton et al. (2012 Burton et al. ( , 2013 ) (lidar ratio, particle depolarization ratio, color ratio). Intensive aerosol optical properties (lidar ratio and Ångström exponents) of different aerosol types observed within EARLINET in 2009 to be used for future space missions where presented by Schwarz (2016) .
The Polly NET findings give an additional valuable contribution to the growing lidar-based aerosol climatology due to the different measurement locations and the partly larger sampling times, compared to the unique data sets reported by Müller et al. (2007) , Burton et al. (2012) , Groß et al. (2015) , and Schwarz (2016). For example, mineral dust and its mixtures could be sampled within Polly NET at very different locations and thus represent a wide variation of source locations (Sahara, Patagonia, Asia) and pollution contribution.
For overlapping aerosol types and regions, like Saharan dust observed far from the source in Europe (Germany and Poland), findings reported by Müller et al. (2007) , Groß et al. (2015) , and Schwarz (2016) were mostly confirmed as well as the findings from Burton et al. (2012) and Groß et al. (2015) for dust transported across the Atlantic. But also extraordinary observations like the characterization of Patagonian dust with low lidar ratio values of 42 ± 17 sr at 532 nm compared to Saharan dust observation (> 50 sr) could be achieved. These data support findings from Sakai et al. (2003) (Asian dust) and Burton et al. (2012) (Mexican dust) , that mineral dust from different source have distinguishable different optical properties.
From Fig. 3 it becomes obvious that the particle depolarization ratio is an indispensable quantity for the discrimination of dust particle from other aerosol types and their mixtures. Within EARLINET, the provision of the particle depolarization ratio to the data base is not yet standard and thus, available observational data suffer from the lack of this important quantity. As a consequence, the networkoriented characterization of different aerosol types based on lidar ratio and Ångström exponent needs ancillary data (Schwarz, 2016) . However, much progress has been made to incorporate polarization measurements within EARLINET Bravo-Aranda et al., 2016; Belegante et al., 2016) from which Polly NET has benefited as well so that this parameter will be available routinely in the nearfuture.
Comparing the different unique data sets concerning BBA, the Polly NET findings confirm subsets of the previous studies.
For example, for North American wildfire smoke observed over Europe, a wide range of values for the lidar ratio was observed within Polly NET (42 ± 6 sr in Leipzig to 75 ± 30 sr in Warsaw). These observations are consistent with the wide range of values reported for the lidar ratio by Müller et al. (2007) and Groß et al. (2015) for measurements in Europe and by Burton et al. (2012) for air-borne measurements close to the source.
A complete new contribution to the emerging global aerosol data set are the BBA observations in South Africa and Amazonia within Polly NET . The observed values are quite different to those mentioned before with moderate lidar ratios (mean values between 60 and 65 sr) for aged Amazonian smoke and high lidar ratios (mean values between 80 and 90 sr) for smoke observed in South Africa. In South Africa, lidar ratios up to 110 sr could even be observed delivering unique data for highly absorbing aerosol which will be further investigated. It is obvious that in contrast to other aerosol types, BBA has a very wide spread of intensive optical properties. Reasons for that are the different plants burned, the different soils, the different burning types (flaming and smoldering), and the different transport processes. This wide range of values makes the differentiation of BBA from urban and industrial aerosol rather ambiguous. Burton et al. (2013) stated that two-wavelengths depolarization measurements might be appropriate for distinguishing those aerosol types while Müller et al. (2007) proposed to use the lidar ratio detected at two wavelengths. Both proposed features are already available in the latest Polly generations so that future measurements might help for a better characterization of these important aerosol types.
While the results presented above are a valuable contribution to the global aerosol data set, most of the results are based on time-consuming manual analysis. To overcome this constraint in an enlarging network, an automated retrieval for the determination of aerosol optical properties has been developed and is presented in the next section.
Automated determination of quantitative aerosol lidar products
Polly systems are designed to operate continuously, i.e., accumulate up to 2880 raw files per day. Naturally, a robust automatic data analysis algorithm is necessary to make use of such an amount of data. Thanks to equal system setup and data format this could be achieved within Polly NET . The processing chain extends from taking the measurement to obtaining aerosol optical profiles and contains the following steps:
-near-real-time transfer of the measurement data to the data server;
-pre-processing of the data (e.g., background and range correction); After these steps the optical profiles are calculated using the well-known optical retrieval algorithms similar to the ones used for the EARLINET Single Calculus Chain (SCC, D'Amico et al., 2015) . The choice between the preferred Raman method (Ansmann et al., 1992) and the Klett method (Klett, 1981; Fernald, 1984) is based on the signalto-noise ratio (SNR) in the channels detecting the Raman scattered light (387 and 607 nm). Then, either profiles of the backscatter and extinction coefficient (Raman method) or the backscatter coefficient only (Klett method) can be determined. From the profile of the volume linear depolarization ratio (EARLINET standards, see ) and the backscatter coefficient profile, the particle linear depolarization ratio is calculated. For high quality in the depolarization measurements, a 90 • -calibration is automatically performed for the TROPOS, FMI, and UW systems three times a day since 2012 (for system details and overview see Engelmann et al., 2016, and Table 1 ). Before the implementation of the 90 • -calibration, the calculation of the linear depolarization ratio was also possible, but needed manual calibration and processing. Thus, automatically retrieved depolarization profiles are only available for systems performing the 90 • -calibration. Finally, the vertical aerosol profiles are stored and displayed at polly.tropos.de in near-real time without any manual intervention. The complete procedure for the automatic determination of aerosol optical profiles is illustrated in Fig. 4 and explained in more detail in Appendix A.
The online presentation contains also profiles of mid-level and cirrus clouds, which is important not only for quality assurance but also in applications concerning cloud research. To analyze aerosol optical properties only, which is the focus of this paper, a post-processing is applied offline on the retrieved profiles. This is namely a cloud-screening based on the quantitative optical properties to exclude the aforementioned mid-level and cirrus clouds. More details are given in Appendix A.
A measurement example with variable and complex aerosol and cloud layering from Leipzig in August 2012 is discussed in the following to show the potential and applicability of the described algorithms.
Saharan dust event on 19-20 August 2012, Leipzig, Germany
In this section, an example for the automated Polly NET data analysis is discussed. Figure 5 presents the temporal evo- The day of 19 August 2012 started with no clouds and a clean free troposphere. From about 10:00 UTC a lofted aerosol layer was observed in the free troposphere between 2 and 5 km a.g.l. Backward trajectory and dust model analysis, as well as EARLINET station alerts, suggested that this aerosol layer contained Saharan dust. This was confirmed by the derived aerosol optical properties (see Fig. 6 ). From 19 to 21 August, more aerosol layers appeared, resulting in a more complex vertical aerosol distribution. In the morning of 20 August, Saharan dust was finally observed from near surface up to 7 km altitude. While the 19 August was completely cloud-free and a pronounced PBL development was observed, on 20 August clouds on top of the PBL (around 1.5 km) and above the major aerosol layer (up to 12.5 km) occurred and can be seen by high backscatter intensity (white coloring) in Fig. 5 . The arrival of a frontal precipitation system shortly before midnight led to an opaque sky with fast descending cloud base. The following precipitation (not shown) on 21 August finally ended the observation of the Saharan dust event over Leipzig. Note the change of the intensity in signal due to a change in the neutral-density filter strength on 20 August at around 08:15 UTC. First, the automatic retrieval focusing on the 532 nm backscatter coefficient on 19 August is discussed. During this day, 42 out of 48 possible 30 min profiles of the backscatter coefficient (532 nm) could be determined and thus an excellent coverage of the aerosol conditions was achieved. The retrieval of the remaining six profiles (between 05:10-05:40, 11:10-11:40, 14:50-15:30, and 16:00-17:00 UTC) failed due to the strict constraints for finding an appropriate reference height (Sect. A5). Most of these cases were rejected due to the increased background noise at higher altitudes during the day so that no automatic reference altitude range could be properly identified. At 355 nm, 44 profiles could be determined (not shown), while at 1064 nm, 41 profiles were derived (not shown). The slightly decreasing number of profiles is due to the increasing difficulties in calibration at longer wavelengths due to the smaller contribution of molecular scattering to the total scattering.
On 20 August 2012, the complex aerosol layering and the presence of clouds complicated an unambiguous determination of particle backscatter coefficient profiles. However, the automatic analysis performed very well for this day. Neither the neutral-density filter change around 08:15 UTC nor the occasional occurrence of clouds led to disturbed particle backscatter coefficient profiles and in total 23 profiles of the backscatter coefficient at 532 nm could be retrieved (9 and 13 profiles at 355 and 1064 nm, respectively). The low number of profiles is mainly due to the strict constraints concerning reference height retrieval in connection with the decreased SNR during daytime. Considerably good coverage was observed from midnight until noon. Later, occasional clouds above the Saharan dust layer and the high solar elevation angle (low SNR) prohibited an automatic determination of the reference height. With the beginning of the frontal overpass at around 18:00 UTC on 20 August 2012, aerosol profiles could only be retrieved occasionally depending on the presence of low and mid-level clouds during this period.
Note that the threshold values (Appendix A) could be adjusted to retrieve a higher number of profiles. However, the automated algorithm has been strictly designed to produce reliable profiles for many different and complex atmospheric conditions. This leads to a decreased coverage for specific scenarios for which the strict constraints of the retrieval dismiss the determination of a reference height.
During the development of the automated retrieval and the search of best-practice threshold values, the automatically determined profiles have been compared with manually analyzed profiles for specific time periods. For the presented observation from 19 to 20 August 2012, the time period of 19 August 19:00-20:00 UTC was selected to show the evaluation of the automated retrieval. While the manual standard EARLINET analysis was performed for the usual 1 h averaging time, the automated analysis was kept in 30 min averaging mode. Thus, the two closest profiles around that EARLINET analysis time period were used in the comparison effort shown in Fig. 6 . Error bars for the automatic retrievals are not presented for clarity of the illustration. Typically, uncertainties are in the range of 5-10 % for the backscatter coefficient and 10-20 % for the extinction coefficient retrieved with the Raman method Baars et al., 2012; Engelmann et al., 2016) .
A very good agreement was found for the manually and automatically derived particle backscatter coefficients (Fig. 6, top panel) . The backscatter coefficient at 532 nm is nearly identical and only the temporal variation leads to : 1900-2000 auto: 1905-1935 auto: 1936-2006 man: 1900-2000 auto: 1905-1935 auto: 1936-2006 man: 1900-2000 auto: 1919-1949 auto: 1950-2020 man: 1900-2000 auto: 1905-1935 auto: 1936-2006 man: 1900-2000 auto: 1905-1935 auto: 1936-2006 355 532 small differences. At 355 nm, the agreement in the Saharan dust layer is good, while there are differences in the PBL (no profiles at 355 nm are available below 500 m because of detector problems at 387 nm). These differences are partly related to high temporal aerosol variability in the PBL, which is more pronounced at shorter wavelengths for small particles. At 1064 nm the agreement is reasonably good considering the well-known difficulties in calibrating the 1064 nm backscatter coefficient . The profiles of the extinction coefficients, which are determined with the Raman method and thus without the application of a reference height interval, show a very good agreement considering only 30 min averaging of the weak Raman channels (Fig. 6 , bottom, left and center panels). No information is given below 1 km a.g.l. due to the incomplete overlap of the laser beam and the receiver field of view.
The comparison of the volume and particle depolarization ratio (Fig. 6 , bottom right panel) shows a very good agreement and confirms the robustness of the 90 • -calibration, which was developed within EARLINET during the last years (Pappalardo et al., 2014) and leads to significant improvements for depolarization measurements.
The example above demonstrates that the developed automatic data analysis algorithm works well even under complex atmospheric conditions. The algorithm has been applied on the complete data set of Polly NET until end of 2014 and the results are presented in the following section.
Automatically retrieved aerosol profiles from
Polly NET The complete data set of Polly NET was processed with the automatic algorithm described in Sect. 4 and Appendix A. The Polly systems differ in their capabilities and characteristics , e.g., full overlap height, wavelengths detected etc. and thus the derived optical quantities reach from single Raman solutions at 532 nm (like the 1st generation Polly) to 3 + 2 + 1 and 3 + 2 + 2 + 1 + 1 + 1 data for the latest generation of Polly systems (see Table 1 ). As all Pollys have at least the elastic channel at 532 nm and the corresponding Raman channel at 607 nm, the overview is given in terms of the particle backscatter coefficient at 532 nm to present the most complete set of vertically resolved aerosol optical properties covering day and night observed within Polly NET . Such knowledge of typical aerosol conditions might be used, e.g., for the estimation of the typical ice nucleus particle concentration in the whole troposphere or to represent typical aerosol conditions in atmospheric models.
Overview
An overview of all derived 30 min particle backscatter coefficient profiles at each location is given in Fig. 7 . Light grey lines indicate the single profiles and, thus, the variability of the vertical aerosol distribution at each site. In addition, the mean (black), the median (blue), the 25-and 75 %-percentile (purple), and the 5-and 95 %-percentile (red) profiles are plotted.
The top panel of Fig. 7 shows the results for the four measurement locations in northern Europe: Åre, Stockholm, Hyytiälä, and Kuopio, followed by the central European stations Cabauw, Krauthausen, Leipzig, and Warsaw. The results of the southern European stations at Évora and Finokalia and for the shipborne observations aboard Polarstern and Meteor are given in the center panel. Below, the determined profiles for the Asian sites Delhi, PRD, Beijing, and Baengnyeong are shown. The last panel presents the derived profiles of the particle backscatter coefficient at the stations Punta Arenas, Manaus, Stellenbosch, and Elandsfontein (Southern Hemisphere). From Fig. 7 one can see the different climatological aerosol conditions at the different locations. The highest aerosol load was determined in China in the height range below 1 km with values of the 75 % (PRD) and 95 % (Beijing) percentile of 7.8 and 23 Mm −1 sr −1 , respectively. In contrast, the aerosol conditions at Punta Arenas can be regarded as pristine, marine conditions with backscatter coefficients less than 1.5 Mm −1 sr −1 in more than 95 % of all observations. The overview of the European sites shows an increase of the vertical extent of free-tropospheric aerosol layers from northern to southern Europe, and also from the western to the eastern sites.
As expected for northern European stations, the observed aerosol load was very low (typically less than 2 Mm −1 sr −1 in the PBL). In Stockholm and Hyytiälä, a slightly stronger particle backscatter was observed on average compared to the other two sites, probably due to the fact that observations were only performed in the summer half year. The main aerosol load was usually trapped in the lowermost 1-2 km at all sites.
Compared to northern Europe, the vertical aerosol profiles in central Europe were significantly different. At Cabauw, a coastal but also heavily populated area, almost no aerosol was observed above 3 km. There, most of the aerosol was trapped within the marine-influenced PBL, which did not exceed 1 km in depth during the autumn observations.
As typical for continental sites, a higher aerosol load, a stronger aerosol variability, and a larger vertical extent of aerosol was observed at Krauthausen, Leipzig, and Warsaw compared to the Nordic countries and Cabauw. One has to mention that only for Leipzig a representative long-term statistic is available. On average, aerosol seems to prevail in the lowermost 3 km for all central European sites, while for Warsaw a slightly higher mean value above 2 km was observed compared to the other locations. Maximum values (95 % percentile profile) increase from west to east (left to right panels in Fig. 7 ) and confirms the findings reported in Wandinger et al. (2004) .
The profiles recorded at Évora and Finokalia (Fig. 7 , center panel) show significant aerosol load up to 5 km. The measurements at these sites were performed in the outflow of the deserts of North Africa. Primarily dust and mixed-dust layers contributed to the high aerosol load in the free troposphere.
The same is valid for the Meteor cruise (also Fig. 7 , center panel) which was primarily performed to track the Saharan dust layer over the Atlantic Ocean. The north-south cross sections made aboard Polarstern were also influenced by dust when the research vessel passed the West African coast. For the shipborne observations, a steep increase in particle backscattering was observed in the transition from the free troposphere to the boundary layer of about 1 km depth. This was most probably caused by marine aerosol that is constantly present over the oceans.
At the Asian sites the vertical aerosol extent was comparably high (up to 5 km a.g.l.). There, anthropogenic aerosol sources contributed significantly to the aerosol load. The Korean site of Baengnyeong has the lowest aerosol load, while in PRD, an economically fast growing region, the strongest mean aerosol backscatter profile was measured. The most extreme values, however, were observed near Beijing (SDZ, 95 %-percentile profile values of 23 Mm −1 sr −1 ). While aerosol was mainly trapped in the lowermost 2 km in PRD (with a weak haze layer up to 3.5 km), at New Delhi, India, aerosol scattering was stronger in the lowest 1 km and was distributed to higher levels with significant aerosol backscatter up to 4 km height. On average, mean values of about 1 Mm −1 sr −1 were observed at 3.5 km a.g.l. -more than on average in the PBL at Punta Arenas.
The measurements on the mainlands of the Southern Hemisphere show strong contrasts in the vertical backscatter profiles. At Punta Arenas, in the mid-latitudes of South America, pristine conditions with almost no aerosol in the free troposphere were observed. The aerosol conditions significantly differed near Manaus in Amazonia. Pristine conditions as well as smoke-influenced backscatter profiles were observed. Interestingly, the extreme profiles (95 %-percentile) of high aerosol load are less pronounced than in Leipzig, while the vertical extent was similar. Above 5 km, no aerosol was observed at this tropical location during the nearly one-year observation period.
The measurements at the two sites in South Africa, a subtropical region, differ significantly from each other. Stellenbosch, which can be regarded as a coastal site, shows low backscatter coefficients without extreme values throughout the year. Aerosol was mainly present in the lowermost 3 km. The lidar observations in Elandsfontein took place on a plateau at 1745 m a.s.l. near the urban and industrial area of Johannesburg-Pretoria and were influenced by local smoke and pollution. There, aerosol was observed up to 3.5 km a.g.l., and higher mean and extreme values than in Stellenbosch were observed. Highest values were found close to the ground.
Seasonal analysis
The Polly NET stations have been partly operated on a continuous long-term basis as in Leipzig, Baengnyeong, Évora, Stockholm, and Kuopio. The most comprehensive data set exists for Leipzig with 17 749 determined profiles of the backscatter coefficient collected within nine years. Such stations allow for an analysis with respect to different seasons. The seasonal median and extreme profiles may be of particular interest, if representative aerosol profiles at specific locations are needed as a priori input for models or data retrieval algorithms. Figure 8 shows the automatically determined 532 nm backscatter coefficient profiles for spring (March to May: MAM), summer (June to August: JJA), autumn (September to November: SON), and winter (December to February: DJF) for the five stations mentioned above. The northern European sites Kuopio and Stockholm show a similar seasonal cycle. Aerosol above the PBL was usually observed in summertime only. Then aerosol was occasionally observed up to the tropopause. These lofted aerosol layers originated usually from wild fires in the sub-Arctic hemisphere, namely Alaska, Canada, and Siberia (e.g., Müller et al., 2005) . In wintertime, aerosol was usually trapped in the PBL, which was often below the detection limit of the lidars of 500 m. Domestic heating is the major source of particulate pollution during this part of the year. Spring and autumn were very clean seasons at both locations, with aerosol below 1 km. As during winter, almost no lofted aerosol layers were observed during these seasons.
Leipzig is representative for a moderately polluted, continental, mid-latitude site. While spring and summer show almost no differences above 1.8 km a.g.l., it is obvious that the lowest aerosol load was observed during autumn due to frequent wash out. In winter, local emissions increased the Figure 8 . Profiles of 532 nm particle backscatter coefficients determined for spring (MAM), summer (JJA), autumn (SON), and winter period (DJF) from Polly NET measurements. The number (N) of the presented profiles is given in each plot. All profiles are shown by thin grey lines. Median (blue), mean (black), 25 and 75 % percentile (purple) and 5 and 95 % percentile (red) profiles are given. Details of the specific station can be found in Table 1. aerosol load in the lowermost 1.5 km while free-tropospheric aerosol layers were rare. Advection of Saharan dust and longrange-transported smoke occurred typically from spring to early autumn visible by the increased 75 and 95 %-percentile profile above the PBL of these seasons.
For Évora, representative for southwestern Europe, the median profiles are very similar for all seasons, which reflects a strong marine influence of the Atlantic Ocean. However, the 75 and 95 %-percentile profile clearly show the Saharan dust season in Évora, which was strongest during spring and summer. During this time, aerosol up to 5 km was detected with high particle backscatter coefficients.
At the Korean site of Baengnyeong Island, a pronounced seasonal aerosol structure is visible for all backscatter profiles. Aerosol above the marine PBL (1 km in depth on average) was observed relatively often during the Asian dust season in spring. In summer, frequently lofted aerosol layers up to 4 km height were observed during the rare measurements (N = 15). There were two distinct patterns: aerosol within the PBL and directly above, and a PBL-independent lofted aerosol layer advected between 2 and 4 km. Also evident is the high relative humidity during the summer months in Korea, which is revealed by the increasing backscatter coefficient with height within the PBL (on average below 1.5 km in depth). Aerosol conditions during autumn were similar to those in spring, while in wintertime a shallow PBL and occasional lofted aerosol layers up to 3 km were observed.
Conclusions
Thanks to continuous efforts in hardware developments and the resulting instrumental automation, a powerful global network of Raman-polarization lidar systems could be established with Polly NET . Permanent as well as temporary sites form a network of Polly instruments which range from single-wavelength Raman lidars (first version) to twotelescope multiwavelength-Raman-polarization lidars (latest development). A brief review of milestones illustrates the potential of such a network with respect to aerosol typing and the development of a global aerosol climatology. The lidar data collected within Polly NET between 2006 and 2014 were used as input to an automated data processing procedure which is described in this paper.
For all 21 measurement locations, more than 55 000 30-min backscatter profiles, either determined with the Raman or the Klett method at 532 nm, were retrieved. From that data set, the vertical aerosol distribution and its quantification in terms of particle backscatter for the northern European, central European, southern European, Asian, and Southern Hemispheric sites as well as for the ship cruises across the Atlantic Ocean was discussed. The most extreme values were determined in China in the vertical height range below 1 km with values of the 75 % (PRD) and 95 % (Beijing) percentile of 7.8 and 23 Mm −1 sr −1 , respectively. In comparison, the aerosol conditions at Punta Arenas can be regarded as pristine, marine conditions with backscatter coefficients smaller than 1.5 Mm −1 sr −1 in more than 95 % of all observations. The strongest vertical extent of aerosol layers was observed at New Delhi, India, with significant aerosol load up to typically 4 km. The overview of the European sites shows an increase of the vertical extent of free-tropospheric aerosol from northern to southern Europe, and also from the western to the eastern sites. Furthermore, a seasonal analysis has been performed for the long-term sites, which shows the potential of such a global Raman lidar network in supporting the establishment of a global aerosol climatology covering the whole troposphere. All currently analyzed data are shown online at polly.tropos.de and are available on demand for further use in agreement with the respective station representatives.
Future work
Polly observations with extended near-range capabilities have been used on a prototype basis to perform closure studies with ground-based observations of the Spectral Aerosol Extinction Monitoring System (SAEMS, Skupin et al., 2014) and unmanned airborne vehicles (UAV, Altstädter et al., 2015) . In the future, such closure studies will be done more frequently due to the extension of the atmospheric monitoring site Melpitz, near Leipzig, Germany, to a new European Supersite for aerosol and cloud observations. The upgraded site will include a Polly system, a mobile SAEMS, and the already available ground-based in situ instrumentation for aerosol characterization. The combination of Polly with cloud radar measurements showed promising results (Bühl et al., 2013) and will be further exploited in future studies.
Polly NET will be expanding over the next years, and Polly systems of the latest standards are planned for new permanent sites at the GAW/ACTRIS site of Finokalia (Crete/Greece), at the GAW observatory of the German Meteorological Service at Hohenpeißenberg, and at the new TROPOS outpost at Mindelo (Cape Verde). Furthermore, temporary observations in Tajikistan, Cyprus, Israel, and the Arctic aboard Polarstern are already ongoing or scheduled for the near future. Thanks to the growing 4-D aerosol climatology and the UV capabilities, Polly NET will significantly contribute to the ground-truthing studies in support of the future space-borne lidars onboard ESA's Aeolus and Earth-CARE satellites.
Future activities will include the implementation of an automated layer detection algorithm and additional qualitycontrol measures designed to enable the automated estimation of aerosol-type-dependent intensive aerosol properties. Moreover, the potential of the depolarization and spectral capabilities will be further exploited as well as the new possibilities which arise from the implementation of near-range channels in almost all systems. These efforts will be done in close collaboration with EARLINETs Single Calculus Chain development (SCC, D'Amico et al., 2015) and will lead to a further merging of Polly NET with EARLINET and Cloudnet (Illingworth et al., 2007) in the framework of ACTRIS-2. In the following, the automatic retrieval of profiles of the backscatter and extinction coefficient as well as the depolarization ratio is explained. The steps listed below have to be considered to retrieve automatically optical products from the lidar measurements: An overview of the retrieval steps is given in Fig. A1 . The single steps are explained below.
A1 Discard inappropriate weather conditions
During rain events the roof cover of a Polly closes automatically, the laser is switched off, but the data acquisition is ongoing; therefore the netcdf data file is continuous. Thus, such rain events can be easily monitored. In case of fog, the regular analysis is prohibited due to high atmospheric attenuation of the emitted light within a very low height range. Such measurement periods are identified and flagged, if the raw lidar signal level is lower than 30 photon counts in total within the first 300 to 900 m. The corresponding rain or fog flagged lidar profiles are discarded from further analysis.
A2 Lidar signal preprocessing: raw signal correction
Each acquired raw lidar signal is corrected for background and range. Because in Polly systems only photon counting is applied, no dark-current correction has to be made. Afterward, a overlap correction (Wandinger and Ansmann, 2002) is applied for specific systems to improve the near-range capabilities. Polly overlap characteristics do usually not significantly change because of the fixed optical setup and the temperature stable housing. Nevertheless, in the worst case the Figure A1 . Schematic description of the automatic retrieval in Polly NET . Details are given in the text. GDAS = Global Data Assimilation System, SA = standard atmosphere.
lowest height bins could be affected due to small temperature changes and are thus discarded.
A3 Lidar signal preprocessing: cloud screening
Cloud screening is performed based on range-and background-corrected signals following Baars et al. (2008) . The wavelet covariance transform technique (WCT) detects heights at which strong signal peaks exceed a defined threshold value. The signal increase at the base of low clouds (liquid water) is typically much stronger than at lofted aerosol layers. This allows us to identify low-level clouds in the lidar signal and to flag them in the data quality information. High clouds, especially cirrus, may not be effectively screened, but this is not of interest as long as a reference height range can be found (see Sect. A5). Cirrus can be removed later after the determination of the optical products (see Sect. A6). The cloud screening is performed with the raw temporal resolution of 30 s. In case of insufficient SNR, e.g., due to very clean air intrusion, the averaging period increases up to 300 s. Below the instrument-characteristic minimum overlap height (typically 200 m), i.e., the height up to which no overlap between the receiver-field-of-view and the laser beam is achieved, low-level clouds cannot be identified. However, those measurements would have been already flagged as fog (see Sect. A1) and are thus not considered anymore.
The data processing steps for cloud screening are summarized in the following:
1. calculation of SNR  2. calculation of the normalized WCT (Baars et al., 2008) After the whole measurement period was analyzed and screened for clouds, the pre-processing algorithm looks for as many as possible 30 min intervals that are completely flagged as cloud-free in the lowermost 9 km.
A4 Lidar signal preprocessing: averaging of cloud-free signals
The range-and background-corrected lidar signals in the selected 30 min intervals are averaged and serve as input for the reference height finding procedure. The search for the cloudfree signals is continuous and not fixed to specific times; i.e., the 30 min average interval is moved in raw-resolution steps signal by signal until a clear-sky interval is found. This has the advantage that the occasional short occurrence of low clouds, as often observed at marine locations, does not significantly disturb the analysis of the whole measurement period. The only disadvantage is that the final 30 min backscatter profiles are not in the same time periods for each day. The 30 min averaging is applied to the lidar signals in order to increase the SNR. Lower temporal resolutions are only used, if the analysis focuses on short-term processes during the day, e.g., for specific 2-D radiative transfer calculations.
A5 Automatic reference height determination
In the following, a new approach to find automatically the reference height z ref is presented based on the ideas of Freudenthaler (2009 
A5.1 Rayleigh fit
For the reference height range z ref , high altitudes are preferred in order to have aerosol-free conditions at which only Rayleigh scattering at molecules occurs. The Rayleigh scattering in pure molecular air at the height z and the wavelength λ can be easily calculated from profiles of temperature and pressure (Bucholtz, 1995) . For the study presented here, vertical profiles of temperature and pressure from the GDAS (Global Data Assimilation System, http://ready.arl. noaa.gov/gdas1.php) are used for that purpose, while for the near-real-time profiles at the website, usually standard atmosphere (SA) data are applied until GDAS data are available and the lidar data are reprocessed. As a consequence of pure Rayleigh scattering in z ref , the range-and background corrected elastic backscatter signal P (z) z 2 in this height range should be completely proportional to the molecular attenuated backscatter coefficient. This can be tested by a so-called Rayleigh fit. The Rayleigh fit, i.e., a lidar signal normalized by the attenuated molecular backscatter coefficient (β att mol ) for the reference height interval z ref , with a lower and upper boundary of z ref (min) and z ref (max) , is calculated for a specific wavelength λ by
β att mol is centered at the reference height z ref in dependence of the molecular backscatter and extinction coefficient β mol and α mol , respectively, according to the general lidar equation for a pure molecular atmosphere:
For a better understanding, Fig. A2 visualizes profiles of the Rayleigh fit (i.e., P norm ) at 355, 532, and 1064 nm with z ref between 8 and 10 km altitude. Regions of pure molecular scattering can be identified by the good agreement between the Rayleigh fit and the observed attenuated molecular backscatter coefficient. However, as soon as aerosols contribute to the scattering and absorption in the atmosphere, the two curves deviate significantly from each other (see Fig. A2 below 7 km). This is much more pronounced at 1064 than at 355 nm as Rayleigh scattering is ∝ λ −4 . For the analysis of the 1064 nm channel this has to be considered as it causes difficulties in the calibration of the backscatter coefficient in the IR not only for automatic retrievals. After the Rayleigh fit has been calculated for as many reference height intervals z test as possible, quality tests are applied to assess their validity.
A5.2 Quality test 1: pure Rayleigh conditions
The test checks, if the particle-caused extinction is lower than the uncertainty of the measurement (Freudenthaler, 2009) . The ratio of the normalized signal and the attenuated molec- Figure A2 . Rayleigh fit (normalized lidar signal) calibrated between 8 and 10 km and profiles of the attenuated molecular backscatter coefficient at 355 nm (left panels), 532 nm (center panels), and 1064 nm (right panels). x axis zoomed in for lower panels. ular backscatter coefficient is calculated by
with the backscatter ratio
If z test is characterized by pure Rayleigh conditions, BSR becomes unity and Eq. (A3) can be simplified to
and thus
Finally, the particle extinction coefficient can be derived by obtaining the deviation in Eq. (A6) with a least-square fit. The smaller α aer , the better the estimation of pure Rayleigh conditions as β aer β mol is assumed. If the uncertainty α aer is higher than α aer itself, z test is considered to be of pure Rayleigh conditions and confirmed to be a potential z ref . Figure A3 . Residual of the Rayleigh fit shown in Fig. A2 for 355 nm (left panels), 532 nm (center panels), and 1064 nm (right panels).
A5.3 Quality test 2: near-and far-range cross criteria
As also discussed by Freudenthaler (2009) , if the lidar signal is normalized in a pure molecular atmosphere (Rayleigh conditions), the corresponding normalized signal should be equal or higher than the molecular signal, but not lower, at all heights. If the latter happens, the residual defined as
is negative and the conditions in z test have not been aerosol free. In this case, z test is inappropriate and discarded. Due to the nature of noise in the lidar signals, technically the test is performed for profile sections of 500 m width. For each of these profile sections the mean of P norm plus its standard deviation must be larger than the mean of β att mol minus its standard deviation to pass the test. Of course, this criterion is not valid in the height range of incomplete overlap, which has to be excluded from the test. This test has proven to be a powerful tool to detect signal distortions in z test .
It can be concluded, the closer β att mol (z, z ref ) and P norm (z) z 2 , the better the agreement, the lower the residuals, and the higher the quality of the test interval with respect to pure Rayleigh conditions. For illustration, the corresponding residuals for the examples in Fig. A2 are given in Fig. A3 . The residuals are about zero in z ref and are positive when deviating significantly from the molecular attenuated backscatter coefficient profile. Thus, for this example the test is successful and z test accepted for further testing.
A5.4 Quality test 3: white-noise criterion
Lidar signals are influenced by different noise sources. The normalized real lidar signal will consequently deviate from the ideal no-noise lidar signal within z test . For pure Rayleigh conditions the deviation should be limited to white noise. Otherwise, signal distortions or particle contributions cannot be excluded. The normalized lidar signal is checked for only white noise with the Durbin-Watson test (e.g., Back- y * is the linear regression of y. No autocorrelation, i.e., perfect white noise, is given for d = 2. For d = 0 and d = 4 correlation and anticorrelation, respectively, is given. As a good compromise between perfect white noise and a little autocorrelation, which is existent in every data series, the success criterion for this test has been defined to 1 < d < 3.
A5.5 Quality test 4: SNR check
The last prerequisite is a SNR ≥ 5 over the whole test range z test of discrete bin range i ref (e.g., 33 bins for 1000 m with 30 m vertical raw resolution) with the upper and lower boundary z test(max) and z test(min) , respectively:
with N the raw photon counts and N b the mean background noise.
A5.6 Selection of optimum reference height
From all successfully tested z test , the optimum one has to be selected for being z ref .
For that purpose, the residuals (Eq. A7) are investigated by means of simple statistical tests and a weighting function X is defined to find the minimum deviation from the ideal z test :
with the absolute mean value µ, the standard deviation σ , the slope g, the mean square root error msre from a linear regression, and the Anderson-Darling test coefficient A * of the Residual. The lower |µ|, σ , |g|, and msre, the better is the desired condition. The Anderson-Darling test checks for normal distribution of the residual values leading to a coefficient A * . The lower the coefficient A * , the better is the hypothesis of normal distribution. If a certain value is exceeded, the residual values are not normally distributed (Freudenthaler, 2009) . As for the ideal z test , X would be 0, the reference height interval z ref is finally chosen for that z test for which the weighting function becomes minimal. Depending on the SNR in the inelastic channel, either the Raman (Ansmann et al., 1992) or Klett-Fernald method (Fernald, 1984) is applied, and thus either particle backscatter and extinction coefficients or particle backscatter coefficient only are calculated. Afterward, the particle depolarization ratio is calculated from the particle backscatter coefficient profile and from the volume depolarization profile, which is directly obtained from the measurements by applying the 90 • -method ).
A6 Postprocessing for aerosol properties
The postprocessing acts as the final quality check for the retrieved profiles of the particle backscatter and extinction coefficients. This is of importance as one wants to create an aerosol climatology and thus needs to exclude profile fragments that are contaminated by light fog or cirrus clouds. It is worth noting that these profiles have passed all preprocessing tests and thus are valid. However, they have to be excluded within the presented study of this paper as the focus is on aerosols only. The procedure for that is briefly described in the following:
1. The retrieved profile is excluded from the statistics, if the particle backscatter coefficient (532 nm) is higher than 50 Mm −1 sr −1 below 300 m altitude which indicates fog.
2. Cirrus and other clouds are identified by applying the WCT (Sect. A3 and Baars et al., 2008) on the profile of the backscatter coefficient (dilation of 240 m). The cloud base is detected at the height at which WCT < −5 × 10 −1 Mm −1 sr −1 , and as a consequence only the backscatter profile up to 120 m (half dilation) below the cloud base is used for the aerosol climatology to avoid the influence of precipitating ice crystals (see Bühl et al., 2013) in the particle profile below the cloud.
3. In addition, if the Klett method is applied, the profile of the backscatter coefficient is set as invalid in the lowermost range of the incomplete overlap (from 700 to 1500 m depending on the Polly type).
After these steps, the remaining profiles are considered to be valid and used for the creation of the aerosol statistics. -Polarstern expeditions AWI_PS75_00, AWI_PS77_00, AWI_PS81_00, AWI_PS83_00
-FAPESP and CNPq.
